Dinapinone A, a novel biaryl dihydronaphthopyranone, was isolated from the culture broth of Penicillium pinophilum FKI-3864 by solvent extraction, silica gel and ODS column chromatography and HPLC. Dinapinone A showed very potent inhibition of triacylglycerol (TG) synthesis in intact Chinese hamster ovary K1 (CHO-K1) cells with an IC 50 value of 0.097 lM. Dinapinone A was found to be a mixture of stereoisomers, resulting in its separation into dinapinones A1 and A2 by HPLC using a C30 reverse-phase column. Dinapinone A1 did not inhibit TG synthesis in CHO-K1 cells even at 12 lM, and dinapinone A2 showed less potent inhibition (IC 50 ; 0.65 lM) than dinapinone A; however, a mixture of isolated dinapinones A1 and A2 (a 1:1 ratio) recovered the potent TG inhibitory activity (IC 50 ; 0.054 lM). A similar effect of dinapinone on TG synthesis in intact Raji cells was also observed.
INTRODUCTION
Neutral lipids, triacylglycerol (TG) and cholesteryl ester (CE) are the final storage forms of free long-chain fatty acid and cholesterol in mammals. TG synthesis is important in many biological processes, including lactation, energy storage in adipose tissue and muscle and fat absorption in the intestine. Excessive accumulation of TG in adipocytes as a result of a fat-rich diet or sedentary lifestyle causes obesity. The condition is also closely related to lifestyle-related diseases or metabolic syndrome. Recently, much attention has been paid to these disorders because of their current importance in health care. Several approaches have been evaluated for the treatment of obesity, and two drugs have been approved for use: sibtramine, which exerts an effect centrally to inhibit serotonin and noradrenaline uptake, 1, 2 and orlistat, which inhibits lipase to interfere with lipid absorption from the small intestine. 3, 4 One of the potential strategies for the treatment of obesity is to block TG synthesis; 5 therefore, inhibitors of TG synthesis are considered as therapeutic agents for obesity. 6, 7 TG is synthesized by a number of enzymes. 8 Among them, acyl-CoA: diacylglycerol acyltransferase (DGAT) 9 is the final enzyme to synthesize TG, and only a few DGAT inhibitors have been reported by several groups, including ours. [10] [11] [12] [13] [14] We established a high-content assay to observe the TG biosynthetic pathway using intact CHO-K1 cells. During our screening for the inhibitors of TG synthesis using this cell-based assay, new biaryl dihydronaphthopyranones, named dinapinone (Figure 1 ), were isolated from the culture broth of Penicillium pinophilum FKI-3864. The physico-chemical properties and structure elucidation including the absolute stereochemistry of dinapinones were reported and described elsewhere. 15 In this study, the fermentation, isolation and inhibitory effect on TG synthesis in CHO-K1 cells of dinapinones are described.
RESULTS

Taxonomy of strain FKI-3864
Conidiophores on Czapek yeast-extract agar (CYA) medium arose from basal hyphae, rarely branched, smooth-walled, 50-180Â1.0-2.5 mm, with thick walls. Penicilli from condiophores were biverticillate (consisting of metulae and phialides) and symmetrical. Metulae had 2-6 branches, which were usually rather appressed or sometimes slightly divergent with larger size, 7.5-12.5Â2.0-2.5 mm. Phialides were acerose, 7.5-12.5Â2.0-2.5 mm, and smooth ( Figure 2d ). Conidia were subglobose to globose, smooth-walled, 2.3-2.8 mm, and produced divergent long chains.
Colonies on CYA after 7 days at 25 1C (Figure 2a ) were 34-37 mm in diameter, dense, colliculose, floccose with a smooth and pale-yellow (1 ia) margin. The center of the colony was light olive gray (1 ge) in conidial color, with clear exudate droplets. The reverse side was yellowish-brown (2 pe). Colonies on malt extract agar (MEA) medium ( Figure 2b ) were 37-39 mm in diameter, less dense than on CYA, colliculose, floccose, with a smooth margin, and pale yellow (1 ia), without exudate droplets. The reverse side was yellow (1 1/2 la). Colonies on G25N ( Figure 2c ) were 9-10 mm in diameter, pulvinate, floccose, with a smooth margin, and white (a), with clear exudate droplets. The reverse side was light yellow (1 1/2 ga). Colonies on CYA after 7 days at 371C were 49-50 mm in diameter, dense, colliculose, floccose, with a smooth margin, and yellowish gray (2 ca). The reverse was reddish yellow (3 pc). The culture on CYA at 5 1C showed no growth.
From the above morphological characteristics, strain FKI-3864 was considered to belong to the genus Penicillium in the subgenus Biverticillium section Simplicia. 16 Furthermore, the strain was characterized by its pale-yellow mycelial on CYA, rapid growth at 37 1C on CYA and length of conidiophores. In addition, in a Blast search, the ribosomal DNA sequence of internal transcribed spacer (ITS) region (572 bp) determined for strain FKI-3864 showed 99.8% similarity to that of Penicillium pinophilum ILLS 54734 (GenBank accession No AF176660). ITS sequence was deposited at The DNA Data Bank of Japan (DDBJ) with accession number AB455516. Therefore the producing strain FKI-3864 was identified as a strain of Penicillium pinophilum and was deposited at the International Patent Organism Depository, National Institute of Advanced Industrial Science and Technology, Tukuba, Japan as FERM AP-21483.
Isolation of dinapinones
The isolation of dinapinones from the culture broth of P. pinophilum FKI-3864 is summarized in Figure 3 and Table 1 . Activity-guided isolation was carried out step by step. The culture broth (6 l) was treated with EtOH (6 l) for 30 min and the mixture was filtered to remove the mycelium. After concentration of the mixture to remove EtOH, the aqueous solution was extracted with EtOAc (6 l). The organic layer was dried over Na 2 SO 4 and concentrated under reduced pressure to give a brown material (4.5 g). The material was dissolved in a small amount of CHCl 3 Dinapinones produced by Penicillium pinophilum FKI-3864 S Ohte et al from the fractions of CHCl 3 -MeOH (10:1), which were concentrated under reduced pressure to give brown material (1.9 g). The material was dissolved in chloroform and subjected to a second silica gel column chromatography (i.d. 3.0Â17 cm), and materials were eluted stepwise with CHCl 3 -MeOH solutions (400 ml each, 100:0, 100:1, 50:1, 100:3, 20:1, 10:1 and 0:100). The three fractions (CHCl 3 -MeOH, 100:3 (Fr. 2-4), 10:1 (Fr. 2-6) and 0:100 (fr. 2-7)) containing dinapinones were concentrated to give yellow powder (316, 216 and 334 mg, respectively). They were dissolved in 50% CH 3 CN, and were purified by ODS column chromatography (i. (Figure 4a ). The fraction of the peak was collected and concentrated to remove CH 3 CN. The aqueous solution was extracted with EtOAc, and the organic layer was Brown material (4.5 g) Figure 3 Isolation procedure of dinapinones A1 (1) and A2 (2). concentrated to dryness to give dinapinone A (16.7 mg) as a yellow amorphous solid. As described in detail in the accompanying study, 15 the NMR spectral data strongly suggested that dinapinone A is composed of stereoisomers; therefore, we tested various HPLC conditions to isolate these isomers, and dinapinone A was subjected to HPLC under the following conditions: column, Develosil C30 (i.d. 4.6Â250 mm, Nomura Chemical, Aichi, Japan); mobile phase, 85% CH 3 CN-0.05% H 3 PO 4 ; flow rate, 0.8 ml min À1 ; detection, UV 270 nm. Dinapinones A1 and A2 were eluted as a peak with retention times of 11 and 13 min, respectively (Figure 4b ). These fractions were pooled and concentrated to remove CH 3 CN. The aqueous solutions were extracted with EtOAc, and the organic layers were concentrated to dryness to give dinapinones A1 (5.7 mg) and A2 (7.8 mg) as yellow amorphous solids.
Biological activity
Effects of dinapinones on TG synthesis in animal cells. Table 2) . To elucidate the results, isolated dinapinones A1 and A2 were mixed at various ratios, and the effect of such mixtures on TG synthesis was tested by the same methods using CHO-K1 cells. Interestingly, mixtures with a ratio of 5:1 to 2:1 (A14A2) showed almost no TG inhibitory activity, but mixtures of 1:1 to 1:15 (A1pA2) recovered their activity (Table 3 ). In particular, the ratio of 1:1 and 1:2 exhibited the most potent inhibitory activity with IC 50 values of 0.054 and 0.073 mM, respectively.
The inhibitory effect of dinapinones on TG synthesis was confirmed in the assay using Raji cells. In this assay, the synthesis of only [ 14 C]TG and [ 14 C]PL from [ 14 C]oleic acid was observed. 17 The IC 50 values are summarized in Table 2 . Dinapinone A showed potent inhibition of TG synthesis (IC 50 ; 0.38 mM), but dinapinone A2 had lower activity than dinapinoneA (IC 50 ; 5.42mM), and dinapinone A1 almost lost the activity. It was also observed that a mixture of dinapinones A1 and A2 (1:1 and 1:2) recovered the potent TG inhibitory activity (IC 50 ; 0.09 and 1.62 mM) (data not shown). These findings are essentially similar to those observed in CHO-K1 cells.
Effect of dinapinones on DGAT activity in microsomes. DGAT in TG synthesis is one possible or one potential target of dinapinones; therefore, the effect of dinapinones on enzyme activity was tested in microsomes prepared from rat livers, CHO-K1 cells and DGAT1-and DGAT2-expressing Saccharomyces cerevisiae; 18 however, dinapinones A, A1 and A2 showed no inhibition of DGAT activity, even at 12 mM, indicating that the target molecule of dinapinones is not DGAT.
Cytotoxic activity. The effect of dinapinones on CHO-K1 cells and Raji cells was tested by the MTT assay. No cytotoxic effect was observed at 12 mM within 6 h; however, after 6 h, a cytotoxic effect was observed and almost all cells died gradually by 24 h. Dinapinones produced by Penicillium pinophilum FKI-3864 S Ohte et al Anticrobial activities. No antimicrobial activity of dinapinones (10 mg per disk) against the six microorganisms was observed.
DISCUSSION
Dinapinones were the first inhibitors of TG synthesis discovered in our cell-based assay using CHO-K1 cells. Initially we had considered that dinapinone A, efficiently isolated from a culture broth of the fungus (Table 1) , was a pure compound with rather selective TG inhibitory activity; however, from the spectral analyses described in the accompanying study, 15 dinapinone A was found to be a mixture of stereoisomers, leading to the purification of atropisomers dinapinones A1 and A2 by HPLC using a C30 reverse-phase column ( Figure 3) . Unfortunately, dinapinone A2 showed less potent inhibition than dinapinone A (respective IC 50 , 0.65 vs 0.097 mM for TG synthesis) ( Table 2) , although its selectivity toward TG inhibition increased (8.1 vs 3.2), and dinapinone A1 almost lost its inhibitory activity. Interestingly, a mixture of pure dinapinones A1 and A2 at a ratio of 1:1 or 1:2 recovered as potent activity as dinapinone A (Table 3 ). The same results were observed in the Raji cell assay (Table 2) . Namely, dinapinone A showed potent inhibition of TG synthesis (IC 50 , 0.38 mM). Dinapinone A2 (not A1) had lower activity (IC 50 , 5.4 mM) and dinapinone A1 (not A2) almost lost the activity (IC 50 , 412 mM); however, a mixture of dinapinones A1 and A2 at a ratio of 1:1 or 1:2 recovered the activity. These findings strongly suggested that the inhibitory activity of dinapinone A2 against TG synthesis is potentiated by dinapinone A1. One of the potential targets in TG synthesis is DGAT. We have reported several DGAT inhibitors of natural origin; 12-14 however, dinapinones showed no effects on DGAT activity in our assay systems. 19 Thus, the target molecule of dinapinones remains to be elucidated.
METHODS
Taxonomic studies of the producing strain FKI-3864
Fungal strain FKI-3864 was isolated from soil collected in Hilo, Hawaii, USA. Morphological studies and identification were conducted following the procedures described by Pitt. 16 For taxonomic studies, CYA, MEA and 25% glycerol nitrate agar (G25N) were used. Morphological characteristics were observed under a light microscope (Vanox-S AH-2; Olympus, Tokyo, Japan) and a scanning electron microscope (JSM-5600; JEOL, Tokyo, Japan). Color names and hue numbers were determined according to the Color Harmony Manual. 20 For molecular phylogenetic study, genomic DNA was extracted using the PrepMan Ultra Sample Preparation Reagent (AB Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. The rDNA internal transcribed spacer (rDNA ITS) regions, including the 5.8S rDNA gene, were amplified by PCR using primers ITS1 and ITS4. 21 Amplifications were carried out in a PCR Thermal Cycler Dice mini Model TP100 (Takara Bio, Shiga, Japan). The amplified PCR products were purified by the QIAquick PCR DNA Purification Kit (Qiagen, Valencia, CA, USA). Sequencing reactions were directly performed using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), and the products were purified with a DyeEX 2.0 Spin Kit (Qiagen). DNA sequences were read on an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems) and assembled using the programs SeqMan and SeqBuilder from the Lasergene7 package (DNAStar, Madison, WI, USA 
Cell culture
CHO-K1 cells (a generous gift from Dr Kentaro Hanada, National Institute of Infectious Diseases, Tokyo, Japan) were maintained at 37 1C in 5% CO 2 under Ham's F-12 medium (Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% heat-inactivated FBS using the method described previously. 17 Raji cells were routinely maintained at 37 1C under 5% CO 2 in RPMI-1640 (SigmaAldrich) culture medium supplemented with 10% heat-inactivated FBS. 23 Assay for TG synthesis in intact CHO-K1 and Raji cells
Assays for TG, CE and phospholipid (PL) synthesis using CHO-K1 cells 24 and TG and PL synthesis using Raji cells 23 were carried out using established methods with some modifications. CHO-K1 cells (1.25Â10 5 cells/250 ml) or Raji cells (Dainippon Sumitomo Pharma, Osaka, Japan) (1.25Â10 5 cells/250 ml) were cultured in a well of a 48-well plastic microplate. A sample (2.5 ml in methanol) and [ 14 C]oleic acid (1 nmol, 1.85 KBq, 5.0 ml in 10% ethanol/PBS solution) were added to each well of the cell culture. The cells were cultured at 371C in 5% CO 2 . After 6-h incubation, cells in each well were washed twice with PBS. The cells were lysed by adding 0.25 ml of 10 mM Tris-HCl (pH 7.5) containing 0.1% (w/v) SDS, and the cellular lipids were extracted by the method of Bligh and Dyer. 19 The total lipids were separated on a TLC plate (silica gel F254, 0. 
Antimicrobial activity
Antimicrobial activity of a sample against six species of microorganisms was measured by the agar diffusion method using paper disks. Media for microorganisms were as follows: nutrient agar for Bacillus subtilis ATCC 6633, Micrococcus luteus PCI 1001, Escherichia coli NIHJ JC-2 IFO 12734 and Xanthomonas oryzae, and a medium composed of 1.0% glucose, 0.5% yeast extract and 0.8% agar for Mucor racemosus IFO 4581 and Candida albicans KF 1. A paper disk (i.d. 6 mm; Toyo Roshi Kaisha, Tokyo, Japan) containing a sample (10 mg) was placed on the agar plate. Bacteria except X. oryzae were incubated at 37 1C for 24 h. X. oryzae was incubated at 27 1C for 24 h. C. albicans and M. racemosus were incubated at 27 1C for 48 h. Antimicrobial activity was expressed as the diameter (mm) of the inhibitory zone.
Cytotoxic activity
Cytotoxicity of a sample to CHO-K1 cells or Raji cells was measured by the colorimetric assay on 3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich). 25 CHO-K1 cells (5Â10 4 cells in 100 ml) or Raji cells (5Â10 4 cells in 100 ml) were added to each well of a 96-well microplate. A sample (1 ml in MeOH) was added to each well to make a final concentration of 0 to 12 mM. The cells were incubated for 6 or 24 h at 37 1C.
MTT (10 ml of 5.5 mg ml À1 stock solution) and a cell lysate solution (90 ml, 40% N,N-dimethylformamide, 20% sodium dodecyl sulfate, 2% CH 3 COOH and 0.03% HCl) were added to each well, and the microplate was shaken for 2 h. The OD of each well was measured at 540 nm using a microtiter-plate reader (Elx 808; BioTek Instruments, Winooski, VT, USA).
